Primary aldosteronism (PA) is characterized by autonomous hypersecretion of aldosterone and is the most common cause of secondary hypertension, accounting for either 6% or 8% of all hypertensive patients \[[@bib1]\]. Patients with PA are at a higher risk of cardiovascular morbidity than those with essential hypertension \[[@bib2]\]. The two common PA subtypes, aldosterone-producing adenoma (APA) and idiopathic hyperaldosteronism, must be diagnosed correctly, because the former condition requires an adrenalectomy, whereas the latter is treated by medication \[[@bib2]\].

Two modalities of lateralization diagnosis---adrenal imaging, including CT and MRI, and adrenal vein sampling (AVS)---are commonly used to determine the localization of unilateral aldosterone production in patients with PA. It is well known that there are often discrepancies between the imaging diagnosis including CT and MRI and the lateralization diagnosis of AVS \[[@bib3]\]. Reports \[[@bib3]\] have discussed unilateral or bilateral diagnoses, although they did not consider whether the unilateral lesions were located on the left or right side. Recently, a few reports discussed left-right differences in laterality diagnosed using both imaging and AVS \[[@bib6], [@bib7]\]. However, those studies either had a small sample size \[[@bib6]\] or did not use a unified diagnostic imaging modality \[[@bib7]\].

In theory, adrenal tumors are considered to occur equally on the left or right side. However, several studies focusing on other objectives have suggested a potential lateralizing asymmetry with a greater prevalence of left-sided adrenal tumors \[[@bib8]\]. Recently, Hao *et al.* \[[@bib11]\], using the data from a large cohort study, investigated left-right differences in incidentally discovered adrenal adenomas, excluding functioning tumors. They found adrenal adenomas were more prevalent on the left side than the right side. In the current study, we investigated left-right differences determined from CT imaging and AVS, using the data from a large cohort of a multicentric collaborative study for PA, the Japan Primary Aldosterone Study (JPAS).

1. Patients and Methods {#s8}
=======================

A. Patients {#s9}
-----------

Twenty-seven centers participated in the JPAS. Patients with confirmed PA who underwent AVS from January 2006 to October 2016 were enrolled in the study. Baseline clinical findings, the results of AVS, and the post-treatment outcomes were recorded electronically using the internet registry system (the EPS Corporation, Tokyo, Japan). Data security and maintenance of registered data were outsourced to the EPS Corporation. The study protocol was approved by the ethics committees of each center.

The diagnostic procedure for PA was based on the guidelines of both the Japan Endocrine Society \[[@bib12]\] and the Japan Society of Hypertension \[[@bib13]\]. The screening for PA was based on a ratio of plasma aldosterone concentration (PAC; in picograms per milliliter) to the plasma renin activity (PRA; measured as ng/mL/h) of \>200, after the patients had changed medications from potentially interfering antihypertensive drugs to calcium channel blockers and/or *α*-blockers, where applicable. The diagnosis of PA was established by at least one positive result in confirmatory testing, including the captopril challenge test, the upright furosemide-loading test, and the saline-loading test.

B. Imaging {#s10}
----------

The CT images were interpreted by radiologists at each participating center. In this study, nodular lesions were defined as those ≥10 mm in diameter. Nodular lesions \<10 mm and equivocal lesions were registered as "suspected nodular lesions," and "enlarged lesions" were classified as normal.

C. AVS {#s11}
------

Blood samples obtained via AVS were generally collected 30 minutes after administration of ACTH from both adrenal veins and the inferior vena cava (IVC) at a point distal to the renal vein. The sampling point of both adrenal veins was located at the central vein. The protocol for ACTH administration varied among centers. Eighteen centers used a bolus injection of 250 μg of cosyntropin and eight used a bolus injection of 200 μg (or 250 μg) followed by continuous infusion of 50 μg (or 100 μg, or 250 μg) of cosyntropin. One center used a continuous infusion of cosyntropin. Two centers sampled simultaneously from the left and right adrenal veins. In the remaining centers, sampling was carried out sequentially. Catheterization was considered successful if the selectivity index) was \>5, calculated as the ratio of cortisol concentration between the adrenal vein and the IVC after administration of ACTH.

Unilateral disease was defined by a lateralization index \>4, calculated as the ratio of aldosterone to cortisol between the dominant and nondominant side. Apparent bilateral aldosterone suppression was defined by an aldosterone-to-cortisol ratio in both adrenal veins bilaterally lower than that measured in the IVC. Patients with apparent bilateral aldosterone suppression according to AVS results were excluded from the study \[[@bib14]\].

D. Analysis {#s12}
-----------

The data from the JPAS were studied retrospectively. The patient characteristics and biochemical examinations at diagnosis were investigated. Hypokalemia was defined as either a serum potassium level \<3.5 mmol/L or receiving potassium supplementation. The estimated glomerular filtration rate was calculated according to the formula for Japanese people \[[@bib15]\]. Left-right differences in lateralization diagnoses were evaluated from the results of CT scans and AVS. In patients who underwent adrenalectomy, we estimated postoperative clinical and biochemical outcomes over either a 6- or 12- month follow-up, referring to the Primary Aldosteronism Surgery Outcome study \[[@bib16]\].

E. Assay Methods {#s13}
----------------

PAC and PRA were measured using commercially available kits. PAC was determined by RIA (SPAC-S Aldosterone kits \[[@bib17]\]; Fuji Rebio, Tokyo, Japan) at all centers. The reference range of PAC in the supine position was 30 to 159 pg/mL. PRA was measured by RIA or enzyme immunoassay. The reference range of PRA in the supine position was 0.3 to 2.9 ng/mL/h (PRA-FR RIA kits \[[@bib18]\]; Fuji Rebio) in 15 centers; 0.2 to 2.3 ng/mL/h (PRA enzyme immunoassay kits \[[@bib19]\], Yamasa, Choshi, Japan) in seven centers; and 0.2 to 2.7 ng/mL/h \[PRA RIA kits, Yamasa; or Renin RIA beads kits \[[@bib20]\], Fuji Rebio; (*N.B.*, these products are identical, because the vender has been replaced)\] in four centers. Plasma active renin concentration (ARC) was measured by immunoradiometric assay (Renin IRMA-FR \[[@bib21]\]; Fuji Rebio) in one center. The reference range of ARC in the supine position was 2.5 to 21.4 pg/mL. For statistical analysis, the ARC value was converted to PRA by dividing by 5, according to the Japan Endocrine Society guideline \[[@bib12]\].

F. Statistics {#s14}
-------------

The data were analyzed and compared using BellCurve for Excel (Social Survey Research Information, Tokyo, Japan). Continuous variables were expressed as either mean ± SD or median and interquartile range. Continuous variables were analyzed using either the one-way ANOVA or the Kruskal-Wallis test, as appropriate. Comparison of frequencies between two groups was estimated by either the *χ*^2^ test or the Fisher exact test, as appropriate. Statistical significance was achieved when the *P* value was \<0.05.

2. Results {#s15}
==========

The flowchart of the study is shown in [Fig. 1](#fig1){ref-type="fig"}. A total of1493 patients who met the inclusion criteria were examined. [Table 1](#tbl1){ref-type="table"} lists the baseline characteristics of the participants. The mean age was 53 years and 53.8% of the patients were female. The mean defined daily dose of antihypertensive drugs was 1.5. The median PAC-to-PRA ratio was 2.5 times higher than the cutoff value used for case detection in Japan. The prevalence of hypokalemia was relatively low at 35.2%.

[Table 2](#tbl2){ref-type="table"} lists the lateralizing diagnoses according to CT imaging and AVS. By CT imaging, adrenal nodular lesions were confirmed on the left side in 374 patients (25.1%), on the right side in 230 patients (15.4%), and bilaterally in 39 patients (2.6%). Nodular lesions were not found in bilateral adrenal glands in 850 patients (56.9%). By AVS, 258 patients (17.3%) had unilateral results on the left side, 202 patients (13.5%) had unilateral results on the right side, and 1032 patients (69.1%) had bilateral results. Similar results were observed for CT and AVS, with unilateral results more frequent on the left side than on the right side (*P* \< 0.01 for both modalities).

![Flowchart of the study. ABAS, apparent bilateral aldosterone suppression.](js.2019-00131f1){#fig1}

###### 

Baseline Characteristics of the 1493 Study Participants

                                                                     Baseline Value
  ------------------------------------------------------------------ ------------------------
  Age, mean ± SD, y                                                  53 ± 11
  Sex, no. (%), male; female                                         690 (46.2); 803 (53.8)
  Duration of hypertension, mean ± SD, y                             8.5 ± 9.0
  Defined daily dose of antihypertensive drugs, mean ± SD            1.5 ± 0.9
  Systolic blood pressure, mean ± SD, mm Hg                          142 ± 18
  Diastolic blood pressure, mean ± SD, mm Hg                         86 ± 13
  Body mass index, mean ± SD, kg/m^2^                                24.8 ± 4.2
  Serum potassium, mean ± SD, mmol/L                                 3.7 ± 0.5
  Hypokalemia, no. (%)                                               525 (35.2)
  Estimated glomerular filtration rate, mean ± SD, mL/min/1.73m^2^   79.5 ± 19.1
  PRA, median (IQR), ng/mL/h                                         0.3 (0.2, 0.5)
  PAC, median (IQR), pg/mL                                           172 (123. 263)
  Aldosterone renin ratio, median (IQR)                              532 (320, 1080)

Abbreviation: IQR, interquartile range.

###### 

Comparison of the Distribution of the Lateralizing Diagnoses Between CT and AVS

                                                    Left Unilateral, no. (%)   Right Unilateral, no. (%)   *P* Value[^*a*^](#tblfn1){ref-type="table-fn"}   Bilateral, no. (%)
  ------------------------------------------------- -------------------------- --------------------------- ------------------------------------------------ --------------------
  CT                                                374 (25.1)                 230 (15.4)                  \<0.01                                           889 (56.0)
  39 (2.6)[^*b*^](#tblfn2){ref-type="table-fn"}                                                                                                             
  850 (53.4)[^*c*^](#tblfn3){ref-type="table-fn"}                                                                                                           
  AVS                                               258 (17.3)                 202 (13.5)                  \<0.01                                           1032 (69.1)

*P* value was calculated for comparison of the frequency of left and right unilateral results on CT imaging and by AVS.

Bilateral nodular lesions.

Bilaterally normal image.

The left-to-right ratio was 1.63:1 for CT and 1.28:1 for AVS. The mean diameter of nodular lesions was not different between the left and right sides in patients with unilateral nodular lesions seen on CT (15.9 ± 6.4 mm vs 16.8 ± 7.3 mm; *P* = 0.10).

[Table 3](#tbl3){ref-type="table"} shows the concordance rate of laterality diagnoses between CT and AVS. There was no significant difference in the concordance rate between laterality diagnoses of CT and AVS in patients with unilateral nodular lesions on the left and right sides (44.1% vs 50.9%; *P* = 0.15). In patients with nodular lesions \<20 mm, the concordance rate was greater on the right side than the left side (45.8% vs 56.4%, respectively; *P* = 0.03). Including patients with bilateral nodular lesions and bilaterally normal images on CT scans, the discordance rate for all patients was 30.7%. In the 1032 patients with a bilateral result on AVS, left unilateral nodular lesions were detected by CT imaging more frequently than those located on the right side \[n = 184 (17.8%) vs n = 97 (9.4%); *P* \< 0.01\]. In the 850 patients with a bilaterally normal image on CT, a left unilateral result by AVS tended to be more relevant but was not statistically significant \[n = 65 (7.6%) vs n = 51 (6.0%); *P* = 0.18\]. There were 41 patients (2.7% of all patients) with unilateral nodular lesions on CT imaging and a unilateral result according to AVS on the opposite side. Twenty-five patients (1.7% of all patients) had left unilateral nodular lesions on CT imaging and right unilateral disease by AVS, while 16 patients (1.1%) had right unilateral nodular lesions on CT and left unilateral disease according to AVS. [Table 4](#tbl4){ref-type="table"} shows the comparison for the left-right distribution of nodular lesions on CT imaging in patients with unilateral nodular lesions grouped according to size categories. Significant differences in the frequency of nodular lesions on CT imaging were observed in smaller size categories (*i.e.,* 10- to 15-mm and 15- to 20-mm groups; *P* \< 0.01 for both).

###### 

Concordance Rate for the Lateralizing Diagnoses Between CT and AVS

                                   Left Unilateral Result According to AVS, no. (%)       Right Unilateral Result According to AVS, no. (%)   Bilateral Result According to AVS, no. (%)   Concordance Rate, %
  -------------------------------- ------------------------------------------------------ --------------------------------------------------- -------------------------------------------- ---------------------
  Left unilateral lesions on CT    **165 (44.1)** [^*a*^](#tblfn4){ref-type="table-fn"}   25 (6.7)                                            184 (49.2)                                   44.1
  Right unilateral lesions on CT   16 (7.0)                                               **117 (50.9)**                                      97 (41.8)                                    50.9
  Bilateral lesions on CT          12 (30.7)                                              9 (23.1)                                            **18 (46.2)**                                46.2
  Bilateral normal on CT           65 (7.6)                                               51 (6.0)                                            **734 (86.4)**                               86.4

The number of patients with concordant results between CT and AVS is indicated by bold type.

###### 

Distribution of Unilateral Nodular Lesions Grouped According to Size Categories on CT

  Nodular Lesion, mm   Distribution of Left Side Lesions, no. (%)   Distribution of Right-Side Lesions, no. (%)   *P* Value
  -------------------- -------------------------------------------- --------------------------------------------- -----------
  ≥10 to \<15          204 (66.2)                                   104 (33.8)                                    \<0.01
  ≥15 to \<20          93 (60.4)                                    61 (39.6)                                     \<0.01
  ≥20 to \<25          46 (51.7)                                    43 (48.3)                                     0.65
  ≥25 to \<30          17 (60.7)                                    11 (39.3)                                     0.11
  ≥30                  14 (56.0)                                    11 (44.0)                                     0.27

Adrenalectomy was performed in 418 patients (28.0%), with surgery on the left side in 252 patients (60.3%), on the right side in 159 patients (38.0%), and unknown in seven patients (1.7%). In accordance with categories based on CT findings, 188 (50.3%) of the 374 patients with left unilateral lesions, 117 (50.9%) of 230 patients with right unilateral lesions, 18 (46.2%) of 39 patients with bilateral lesions, and 95 (11.2%) of 850 patients with a bilaterally normal image received an adrenalectomy. Eleven of 118 patients with left unilateral lesions on CT imaging and nine of 117 patients with right unilateral lesions on CT imaging were resected on the opposite side.

Of the 406 patients with pathological findings, 249 had an operation on the left side, with findings of 228 adenomas, eight cases of hyperplasia, eight cases of equivocal findings, two cysts, and one myelolipoma. A total of 157 patients had an operation on the right side, with findings of 145 adenomas, four cases of hyperplasia, five cases of equivocal findings, one ganglioneuroma, one hematoma, and one metastasis of a papillary thyroid carcinoma. There were no differences in proportion of adenomas between the left and right side (92.0% vs 92.4%; *P* = 0.89).

We compared the clinical and biochemical outcomes after adrenalectomy between the patients with concordant results on CT and AVS and those with discordant results. In the concordant group, by CT imaging, complete, partial, and absent clinical successes were observed in 53 (34.0%), 60 (38.5%), and 41 (26.3%) patients, respectively. Complete, partial, and absent biochemical successes were observed in 92 (77.3%), 18 (15.1%), and 9 (7.6%) patients, respectively. In the discordant group, by CT imaging, complete, partial, and absent clinical successes were observed in 18 (19.8%), 43 (47.3%), and 30 (33.0%) patients, respectively. Complete, partial, and absent biochemical successes were observed in 51 (75.0%), 6 (8.8%), and 11 (16.2%) patients, respectively. The rate of overall clinical complete success was significantly higher in patients with concordant results of both CT imaging and AVS than in patients with discordant results (*P* = 0.01). In contrast, the rates of complete biochemical success were not different between patients with concordant results of both CT and AVS and those with discordant results (*P* = 0.72).

3. Discussion {#s16}
=============

In this study, we demonstrated that unilateral nodular lesions seen on CT imaging and unilateral disease according to AVS in patients with PA were observed more frequently on the left side than on the right side. We also showed a distinct divergence of lateralizing diagnoses between CT and AVS. When a patient has unilateral nodular lesions on CT imaging and a bilateral result according to AVS, it is thought that there are coexisting idiopathic hyperaldosteronism and nonfunctioning adrenal tumors. In addition, when a patient has unilateral disease according to AVS results and bilaterally normal image on CT imaging, it is thought that micro-APA may exist. Discordant results in laterality diagnoses between CT and AVS could be caused by nonfunctioning adrenal tumors and micro-APAs. When patients with unilateral nodular lesions on CT imaging and unilateral disease according to AVS on the opposite side were combined, 322 patients (21.6% of all patients) had a nonfunctioning adrenal tumor, 157 patients (10.5%) had micro-APA, and 41 patients (2.7%) had both a unilateral nonfunctioning tumor and micro-APA on the opposite side. When patients with a plasma cortisol concentration \<1.8 μg/dL after a 1-mg dexamethasone suppression test were studied for the left-right distribution by both CT imaging and AVS, the concordance rate between CT and AVS was not different from the results in the total study cohort (data not shown). Therefore, it appears cosecretion of cortisol from adrenal tumors does not contribute to discordant laterality between CT and AVS.

A few studies have investigated the relationship between imaging and AVS used to diagnose patients with PA. Dekkers *et al.* \[[@bib6]\] examined 90 patients with PA with results from both CT and AVS and showed unilateral nodular lesions on CT scans were significantly more frequent on the left side \[42 (46.7%) vs 7 (7.8%); *P* \< 0.01\]. In contrast, unilateral results of AVS were slightly more frequent on the left side, although this difference was not statistically significant \[26 (28.9%) vs 22 (24.4%); *P* = 0.50). Sam *et al.* \[[@bib7]\] reported that in 342 patients with PA, unilateral lesions seen on CT or MRI were significantly more frequent on the left side \[125 (36.5%) vs 66 (19.3%); *P* \< 0.01), whereas unilateral results according to AVS showed a nonsignificant tendency for lesions to be on the right side more frequently when the lateralization index criterion was \>4 \[71 (20.8%) vs 87 (25.4%); *P* = 0.15). These three studies, including the current study, showed CT imaging enabled detection of significantly more lesions on the left side. The three studies, however, showed differences in the laterality of AVS. The current study and the Dekkers *et al.* study \[[@bib6]\] used AVS results obtained after ACTH stimulation, whereas the *Sam et al.* study \[[@bib7]\] measured AVS at baseline without ACTH stimulation. These differences in the AVS protocol may have influenced the distribution of the laterality diagnoses.

The results of the current study indicated that APAs, micro-APAs, and nonfunctioning adrenal tumors are more likely to occur on the left side, although reason for this skewed distribution remains unclear. We speculate that there may be two explanations for these findings. First, APAs and nonfunctioning tumors may occur in proportion to the volume of the left and right adrenal glands. Schneller *et al.* \[[@bib22]\] reported that the volume of the adrenal glands measured using multidetector CT in 105 healthy volunteers was significantly greater on the left side than on the right side (4.84 ± 1.67 mL vs 3.62 ± 1.23 mL; *P* \< 0.001). Carsin-Vu *et al.* \[[@bib23]\] reported similar results in study of 154 healthy volunteers (4.5 ± 1.6 mL vs 3.8 ± 1.3 mL; *P* \< 0.001). In contrast, Nougaret *et al.* \[[@bib24]\] and Wang *et al.* \[[@bib25]\] reported there were no significant differences in the volume of the left and right adrenal glands (3.8 ± 1.2 mL vs 3.4 ± 1.0 mL and 4.23 ± 0.74 mL vs 4.26 ± 0.86 mL, respectively). However, these two studies had relatively small sample sizes (40 and 80 subjects, respectively). Considering the results of the current study, APAs (\>10 mm in diameter), micro-APAs, and nonfunctioning tumors were commonly more frequent on the left side because the volume of the left adrenal gland of a normal subject was greater than that of the right-sided gland.

Second, it may be easier to detect small tumors in the left adrenal gland using abdominal cross-sectional imaging, because of anatomical differences between the left and right adrenal glands and the different constitution of the surrounding organs. In addition, it appears that the compression direction is different between the left and right adrenal glands when imaging is performed in the supine position. Hao *et al.* \[[@bib11]\] reported that in 1376 patients with incidentally discovered adrenal adenomas, excluding functioning tumors, 75% of unilateral adrenal adenomas were found on the left side. In addition, they showed that a higher proportion of small adrenal adenomas were found on the left side. The current study showed the same tendency, with left-sided nodular lesions being significantly more frequent in groups with small nodular lesions (\<20 mm in diameter). This finding supports the hypothesis regarding anatomical differences between adrenal glands. Combining these two mechanisms, asymmetric left-side to right-side ratios of 1.63: 1 for CT imaging and 1.28:1 for AVS may have been achieved in the current study.

In the daily practice of managing PA, consideration should be given to the fact that APAs and nonfunctional tumors are more likely occur on the left side. In addition, it is important to consider that the concordance rate between CT imaging and AVS is low when unilateral nodular lesions are observed on CT scans. In particular, in patients with small unilateral tumors \<20 mm in diameter on CT scans, it is also important to note that the concordance rate is lower on the left side than on the right side.

This study had several strengths. First, it was a multicenter collaborative study with a large sample size. Imaging diagnosis of all patients was obtained using CT imaging. Although AVS had a different detailed protocol, blood collection was performed after ACTH stimulation and a uniformed position used for blood sampling. Because the definition of a nodular lesion on CT imaging was set at ≥10 mm, bias between radiologists was less likely to have occurred.

There were some limitations to the study. First, we did not directly review CT images. Second, the unilateral results were underestimated because a stringent criterion was adopted for nodular lesions observed on CT scans and unilateral results according to AVS. However, because the determinations were made using the same criteria, judgment of the left-right distribution was thought to be appropriate. Third, the indication for surgery was different at each center, and because follow-up after surgery was not completed in all patients, we were unable to verify the validity of the criteria for subtype diagnosis.

In conclusion, our results suggest that APAs and nonfunctioning adrenal tumors develop more frequently on the left side in patients with PA and that misdiagnosis of CT-based lateralization may occur more frequently on the left side. These findings should be considered when subtyping of PA is performed.
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